Protein structures are dynamic and can explore a large conformational landscape 1,2 . Only some of these structural substates are important for protein function (such as ligand binding, catalysis and regulation) 3-5 . How evolution shapes the structural ensemble to optimize a specific function is poorly understood 3,4 . One of the constraints on the evolution of proteins is the stability of the folded 'native' state. Despite this, 44% of the human proteome contains intrinsically disordered peptide segments greater than 30 residues in length 6 , the majority of which have no known function 7-9 . Here we show that the entropic force produced by an intrinsically disordered carboxy terminus (ID-tail) shifts the conformational ensemble of human UDP-α-d-glucose-6-dehydrogenase (UGDH) towards a substate with a high affinity for an allosteric inhibitor. The function of the ID-tail does not depend on its sequence or chemical composition. Instead, the affinity enhancement can be accurately predicted based on the length of the intrinsically disordered segment, and is consistent with the entropic force generated by an unstructured peptide attached to the protein surface 10-13 . Our data show that the unfolded state of the ID-tail rectifies the dynamics and structure of UGDH to favour inhibitor binding. Because this entropic rectifier does not have any sequence or structural constraints, it is an easily acquired adaptation. This model implies that evolution selects for disordered segments to tune the energy landscape of proteins, which may explain the persistence of intrinsic disorder in the proteome.
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for UDP-Xyl affinity, but may have been selected for because of an additional, unrelated function in vivo ( Fig. 2a ). The absence of sequence constraints argues against any mechanism in which the ID-tail specifically interacts with the inhibitor or the protein.
Next, we considered the possibility that the ID-tail might enhance UDP-Xyl affinity through a sequence-independent interaction involving the polypeptide backbone. Because the six prolines in the UGDH(FL), UGDH(R1) and UGDH(R2) ID-tails sample 16 unique positions throughout the sequence without altering UDP-Xyl affinity, it is unlikely that a backbone-specific interaction is important for function ( Fig. 2b, c) . Nevertheless, if there was a backbone-specific interaction, a plot of affinity versus ID-tail length would reveal a discontinuity Fig. 4a, b ). Residues are coloured according to type, and the height of each residue represents the relative frequency. Alignments were generated using the WebLogo server (http://weblogo. berkeley.edu). b, Sequence modifications made to the primary structure of the ID-tail (Extended Data Fig. 4b ). Asterisks indicate positions in the sequence that are sampled with a proline residue in either UGDH(FL), UGDH(R1) or UGDH(R2). c, UDP-Xyl affinity is independent of the ID-tail sequence. Data are the globally fit K i ± s.e.m. derived from two or three independent rate curves with varying amounts of inhibitor. See Extended Data Table 2 for the specific number of independent data points (n ≥ 27). d, The affinity for UDP-Xyl depends on the length of the ID-tail. Data are the globally fit K i ± s.e.m. derived from three independent rate curves with varying amounts of inhibitor (n ≥ 38 independent data points; see Extended Data Table 2 for specific values). For some points the s.e.m. is smaller than the data label. The data were fit to equation (3) (solid line) with 95% confidence intervals indicated (dashed lines). The fit predicts a maximum affinity of 0.46 ± 0.18 μM, corresponding to a free-energy change of −1.45 kcal mol −1 . induces the Thr131-loop-α6 allosteric switch (yellow spheres and magenta ribbons and surface) to slowly isomerize into the active (E) state. UDP-Xyl (red) competes with UDP-Glc for the active site, and induces the allosteric switch to slowly isomerize into the inhibited (E Ω ) state. The slow isomerizations are due to the repacking of the allosteric switch in the protein core 22, 24, 25, 27 . Because the ID-tail is disordered in the E, E* and E Ω states (Extended Data Fig. 1 and refs 22,24-26 ), we have modelled energy-minimized conformations of the ID-tail (cyan) onto the structures of UGDH to depict the proximity to the active site, hexamer-building interface and the allosteric switch. b, Top and side view of the UGDH E* hexamer that forms from the association of three dimers (orange, grey and yellow) [22] [23] [24] [25] [26] [27] . The ID-tail of each dimer is located near two allosteric switches in the hexamer-building interface. c, The allosteric switch (magenta) is buried in the protein core (grey shading), which changes conformation in the E, E* and E Ω states. Thr131 (yellow sticks) responds to the presence or absence of the C6′ OH in UDP-Glc (green) or UDP-Xyl (red), respectively. This response shifts the α6 helix (magenta cylinder) in the hexamer-building interface, which rotates the adjacent subunit (orange) to produce the E or E Ω hexamer, as appropriate. Red circles depict hydroxyl (OH) groups. d, The UDP-Xyl affinity depends on the ID-tail and allostery. Data are the globally fit K i ± s.e.m. derived from two or three independent rate curves with varying amounts of inhibitor (n ≥ 31 independent data points; see Extended Data Table 2 for specific values).
when the critical segment was removed. Inhibition studies comparing UGDH(FL), UGDH(ΔID) and three new constructs with ID-tails of varying length (UGDH(2×FL), UGDH(0.5×FL) UGDH(0.26×FL) and UGDH(0.13×FL), shown in Fig. 2b) show that the affinity can be modelled as a simple exponential decay ( Fig. 2d ). We confirmed that this saturable effect is independent of sequence by using polyserine ID-tails of corresponding lengths (UGDH(Ser), UGDH(0.5×Ser), UGDH(0.26×Ser) and UGDH(0.13×Ser)) and similarly, using corresponding lengths of the scrambled R1 construct (UGDH(R1), UGDH(0.5×R1), UGDH(0.26×R1) and UGDH(0.13×R1)) ( Fig. 2d ). It is notable that UGDH(0.13×FL), UGDH(0.13×Ser) and UGDH(0.13×R1) still enhance UDP-Xyl binding affinity; the conformations of these short, four-residue ID-tails are tightly constrained within a surface pocket, which should stabilize any weak structure ( Fig. 3a) . Nevertheless, none of the E, E* and E Ω UGDH(FL) crystal structures (42 unique chains) show evidence of an ordered interaction within the pocket (Extended Data Fig. 1 and refs 22, [24] [25] [26] .
The data presented so far provide strong evidence that the highaffinity binding of UDP-Xyl is a function of the unfolded state of the ID-tail. An unstructured polymer tethered to a surface generates an entropic force at the point of attachment [10] [11] [12] , which can be strong enough to distort lipid bilayers 30 and alter protein stability 13 . This force originates from the volume exclusion effects of the surface, which reduce the conformational entropy of the attached polymer ( Fig. 3b ). Because the entropy of the polymer increases with distance from the surface, the entropic force converges to a maximum value as the chain length increases [10] [11] [12] . The unfavourable change in free energy produced by constraining an unstructured, non-interacting peptide (ΔG constrained ) is
where Ω 1 is the sum of all possible states of an unconstrained peptide and Ω 2 is the subset of states constrained by the protein surface and the adjacent ID-tail (RT is the product of the molar gas constant, R, and the temperature, T). Using Monte Carlo sampling of coarse-grained, sterically allowed bins of φ and ψ torsion angles we calculated the fraction of constrained conformations for various ID-tail lengths (see Methods, Fig. 3b , Extended Data Fig. 5 ). For this simulation, the adjacent ID-tail was held in a fixed conformation (Extended Data Fig. 5 ). If the conformational entropy of the ID-tail contributes to the change in UDP-Xyl affinity, then we would expect Ω 2 /Ω 1 and the affinity constant K i to display similar behaviour with increasing tail length. Despite the simplicity of the Monte Carlo model, the simulations confirm that Ω 2 /Ω 1 converges as the ID-tail length increases ( Fig. 3c ).
Studies have shown that the entropic force generated by a tethered polymer can alter protein stability 13 . We carried out thermal denaturation studies of UGDH dimers (chosen to avoid complications arising from hexamer dissociation), and found that the high-affinity UGDH(FL-dimer) (K i = 0.17 μM) is less stable than the low-affinity UGDH(ΔID-dimer) (K i = 1.23 μM) ( Fig. 3d ). The destabilizing effect of the ID-tail should also be reflected in the structure and dynamics of UGDH. To examine these changes at the peptide level, we compared the hydrogen-deuterium exchange (HDX) rates of UGDH(FL-dimer) and UGDH(ΔID-dimer) using mass spectrometry. As expected, the fragment corresponding to the ID-tail is fully exchanged in less than 120 s, which is consistent with a disordered peptide 31 (Extended Data Fig. 6a ). The ID-tail increases the HDX rates of several segments in the NAD + binding domain, with the largest increases occurring in the allosteric switch and an adjacent peptide ( Fig. 3e-g ). An increase in HDX rates for a buried peptide such as the allosteric switch and the surrounding segments indicates an increase in the overall dynamics of the domain. This is notable, because the binding of UDP-Xyl induces the allosteric switch and surrounding core residues to change conformation Fig. 5 ). c, The fraction of constrained ID-tail conformations (Ω 2 ) over the possible conformations of a free ID-tail (Ω 1 ) exponentially converges with increasing ID-tail length. The data were fit to an exponential decay (Extended Data Fig. 5c ). d, The ID-tail destabilizes UGDH by 3.5 °C. e, Comparing HDX rates of UGDH(FL-dimer) and UGDH(ΔID-dimer) shows that the ID-tail (cyan) alters the structure and dynamics of UGDH. Peptides displaying increases (red), decreases (blue) and no change (grey) in HDX rates are mapped to the structure. UDP-Xyl (grey spheres) was not used in the assay but is modelled in the active site. Thr131 of the allosteric switch is shown as yellow spheres. f, Close-up view of the allosteric switch (Thr131-α6 helix), which shows an increase in HDX rates. g, Close-up view of the of the dimerization domain, which is largely inaccessible to solvent. Data shown in e-g were derived from the normalized cumulative per cent deuterium uptake (%D) comparing UGDH(FL-dimer) and UGDH(ΔID-dimer) (Extended Data Fig. 6 ).
and repack into the high affinity E Ω state 22, 27 (Fig. 1a , c). The ID-tail also decreases the HDX rates of several segments in the dimerization and sugar-binding domains, suggesting that these areas become more structured ( Fig. 3e , g). The largest decrease is observed in the α9 helix of the dimerization domain (residues 222-240). This helix is largely inaccessible to solvent in crystal structures, which suggests that the ID-tail reduces the overall dynamics of the dimer interface ( Fig. 3g ).
Overall, the data show that the cost of constraining the ID-tail destabilizes a low-affinity substate, which biases the conformational ensemble towards a structurally and dynamically distinct high-affinity substate.
A simple exponential fit of Ω 2 /Ω 1 (Fig. 3c ) shows that the energetic cost of constraining the ID-tail converges to approximately 2.4 kcal mol −1 (equation (1)). Therefore, our simple Monte Carlo model supports the argument that entropic confinement effects generate sufficiently strong forces to explain the maximum expected gain in UDP-Xyl binding affinity of −1.45 kcal mol −1 (Figs. 2d, 3c, Extended Data Fig. 5 ). More rigorous calculations on other systems using simpler polymer models (and simpler confinement geometries) also find confinement free-energy costs of the same magnitude 32, 33 .
If the ID-tail favours the dynamics associated with the repacking of the allosteric switch into the E Ω state, then we would expect to see a difference in the activation (E* to E) and inhibition kinetics (E* to E Ω ) ( Fig. 1a ). Pre-steady-state analysis of progress curves shows that the ID-tail slows the rate of activation hysteresis (E* to E) by 39% ( Fig. 4a ). Next, we examined the UDP-Xyl-induced isomerization of UGDH to the E Ω state. Transient-state analysis of UDP-Xyl binding kinetics revealed a three-phase exponential decay of UGDH time-resolved tryptophan fluorescence, and the data were globally fit by computer simulation (see Methods and Extended Data Fig. 7a-e ). The same kinetic model produced the best fit for both UGDH(FL) and UGDH(ΔID) and predicts UDP-Xyl affinities that are consistent with our steady-state inhibition studies (Extended Data Fig. 7) :
Where k n is the rate constant for reaction n. According to this model, UDP-Xyl binds to the E* state and induces two sequential isomerizations. On the basis of the allosteric model, we had expected a single isomerization from E* to the E Ω state (Fig. 1a ). We call the additional transient E † ; it represents an intermediate between the E* and E Ω states. The ID-tail changes the kinetic parameters of each transient observed in the time-resolved fluorescence (Extended Data Fig. 7e ). The largest effect of the ID-tail is a 4.4-fold enhancement of the initial UDP-Xyl binding step, corresponding to a −0.9 kcal mol −1 gain in affinity (Fig. 4b ). The kinetic model predicts an overall favourable gain in binding affinity of −1.3 kcal mol −1 , which agrees well with the observed gain of −1.39 kcal mol −1 (Fig. 4b , Extended Data Table 2 ). The different stabilities of the corresponding UGDH(FL) and UGDH(ΔID) transients, combined with the fact that the ID-tail slows activation hysteresis and accelerates inhibition kinetics, supports our conclusion that the ID-tail alters the energy landscape to favour inhibition by UDP-Xyl ( Fig. 4c ). Collectively, our data supports a model in which the entropic force of the ID-tail rectifies the energy landscape of UGDH to favour a substate with a high affinity for UDP-Xyl. We can now interpret the exponential curve in Fig. 2d as follows:
This implies that: (i) UGDH exists as an ensemble of low-affinity (K i unbiased ) and high-affinity (K i biased ) substates; (ii) the ID-tail functions as a length (l)-dependent entropic rectifier that shifts (with bias k) the distribution towards the high affinity substate; and (iii) the observed UDP-Xyl affinity results from a fractional summation of the low and high affinity substates at a given ID-tail length (Fig. 4c ). The fit to equation (3) produces a K i biased of 0.46 ± 0.18 μM UDP-Xyl, which corresponds to a maximum favourable gain in binding energy of approximately −1.45 kcal mol −1 . The lack of sequence constraints implies that the entropic force of any intrinsically disordered segment is capable of shaping the conformational ensemble of a protein. In fact, an N-terminal hexahistidine affinity tag has been shown to alter the internal dynamics of a myoglobin 34 . Thus, the persistence of low-complexity intrinsically disordered segments in the proteome may reflect the selection for entropic rectifiers that can tune the function of a protein by shaping the native-state ensemble.
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Protein expression, purification, and quantification of UGDH constructs.
All UGDH coding sequences were synthesized and cloned into pET-15b vectors (Norclone). Sequences contained an N-terminal hexahistidine affinity tag adjacent to a tobacco etch virus (TEV) cleavage site. The expression and purification of UGDH constructs were conducted under identical conditions as previously described [22] [23] [24] [25] [26] [27] . Following purification, the N-terminal hexahistidine tag was cleaved with TEV protease. An additional immobilized metal affinity column (IMAC) was used to obtain the pure, His-tag-free protein. Unless otherwise noted, all proteins were dialysed into a storage buffer (25 mM Tris pH 8.0 and 50 mM NaCl) and concentrated to ≥20 mg/ml. Proteins were quantified in dilution replicates (n ≥ 6) using their respective molar extinction coefficients, based on their specific amino acid composition 35 . Protein crystallization, data collection, and structure solution. To crystallize the E* conformation of UGDH(ΔID), the protein (10.4 mg/ml) was dialysed into 20 mM MES pH 5.6, 150 mM NaCl and crystallized at 20 °C using free interface diffusion in a 1.0-mm capillary containing 5 μl of 10.4 mg/ml enzyme and 200 μl of precipitant solution (100 mM MES pH 6.2, 100 mM MgCl 2 , and 16% PEG 3350). Crystals were cryoprotected in the precipitant solution supplemented with 18% glycerol and then plunged into liquid nitrogen. A 2.64 Å resolution dataset was collected on the 22-ID beamline (SER-CAT) at the Argonne National Laboratory using an MAR 300-mm CCD detector. The data were processed in space group C2 using XDS 36 , and 5% of the data were set aside for cross-validation 37 . The crystal parameters and data collection statistics are summarized in Extended Data Table 1 . The structure was solved by molecular replacement using the PHENIX software suite 38 and human UGDH (Protein Data Bank (PDB) entry: 3TF5) as a search model. The structure was then subjected to iterative cycles of manual rebuilding using Coot 39 and automated refinement using PHENIX with both NCS restraints 38, 40 . B-factors were refined using TLS as implemented in PHENIX. Refinement statistics 41, 42 are summarized in Extended Data Table 1 . The E Ω UGDH(FL) was crystallized in the presence of 5 mM UDP-Xyl and 10 mM adenosine diphosphate at 25 °C using the hanging drop vapour diffusion method. One microlitre of protein was mixed in a 1:1 ratio with reservoir solution (0.1 M HEPES pH 7.2, 14% 1,6-hexanediol, and 10% PEG 3350). Crystals were cryoprotected in the precipitant solution supplemented with 20% glycerol and then plunged into liquid nitrogen. A 2.0 Å resolution dataset was collected on the 21-ID beamline (SER-CAT) at the Argonne National Laboratory using a MAR 300-mm CCD detector. The dataset was processed using XDS 36 and 5% of the data were set aside for cross validation 37 . The data collection statistics are listed in Extended Data Table 1 . The E Ω UGDH(FL) structure was solved by molecular replacement using the PDB entry 2Q3E as a search model in PHENIX 38 , and refined as described above. Refinement statistics 41, 42 are summarized in Extended Data Table 1 . Steady-state kinetics. All steady-state kinetic assays were conducted as previously described [22] [23] [24] [25] [26] [27] . In brief, assays contained either 100 nM UGDH (FL, FL-A136M, ΔID, ΔID-A136M, R1, R2, −Pro, −Lys, 0.13×FL, 0.26×FL, 0.5×FL, 2×FL, 0.13×Ser, 0.26×Ser, 0.5×Ser, Ser, 0.13×R1, 0.26×R1 or 0.5×R1) or 500 nM UGDH (FL-dimer, ΔID-dimer) in a standard reaction buffer (50 mM HEPES pH 7.5, 50 mM NaCl, and 5 mM EDTA) with either saturating amounts of NAD + or UDP-Glc (Sigma). Substrate and enzyme were incubated separately at 25 °C for 5 min, and then reactions were initiated by rapid mixing of both solutions. Progress curves were obtained by continuously monitoring NADH production at 340 nm (molar absorptivity coefficient of 6,220 M −1 cm −1 ) on an Agilent 8453 UV/Vis spectrometer equipped with a Peltier temperature controller (25 °C). UGDH progress curves display hysteresis, thus the observed initial velocity (v i ) represents a transient and does not satisfy steady-state conditions. To obtain steady-state initial velocities (v ss ), progress curves before the depletion of 10% substrate were fit to Frieden's equation 43 as in previous studies 22, 27, 43 :
where P is the product produced at time t, τ is the relaxation time of the lag, and the length of the lag is eτ. The v ss was used for determination of UGDH steady-state kinetic parameters. Data were fit using nonlinear regression analysis in PRISM (GraphPad Software). Because the UGDH(FL-A136M) , UGDH(ΔID-A136M), UGDH(FL-dimer) and UGDH(ΔID-dimer) constructs do not exhibit hysteresis, the observed initial velocity was used for the determination of steady-state parameters as previously described 22 . UDP-Glc substrate saturation curves were fit to equation (5) .
where v 0 is the initial steady state velocity (v ss in equation (4)), E t and S are the enzyme and substrate concentrations, respectively. As previously reported 22, 23, 27 , the NAD + saturation curves of the UGDH hexameric enzyme display negative cooperativity and were fit to the sigmoidal rate equation (equation (6) where K 0.5 is the half saturation point and h represents the Hill coefficient. The determination of the K i for the allosteric inhibitor UDP-Xyl has been previously described 22, 27 . In brief, data were globally fit to the model for competitive inhibition with cooperativity (equation (7)) using PRISM.
K M , k cat , and K i were shared parameters in global fitting, whereas h was fit locally to each curve. The UGDH dimers (UGDH(FL-dimer) and UGDH(ΔID-dimer)) exhibited mixed inhibition with respect to both UDP-Glc and NAD + , and were globally fit to equation (8) . Here, K i refers the competitive inhibition component, and αK i gives the noncompetitive contribution. K M , k cat , α and K i were shared parameters for global fitting. Sedimentation velocity. Sedimentation velocity analysis was conducted as previously described [22] [23] [24] [25] [26] [27] . In brief, UGDH constructs were dialysed for >12 h at 4 °C into 25 mM HEPES pH 7.5 and 150 mM KCl and diluted to a final concentration of 9 μM. In ligand-bound studies, UGDH constructs were dialysed with comparable amounts of either substrate (UDP-Glc) or allosteric inhibitor (UDP-Xyl) for >24 h. Samples were loaded into cells equipped with 12-mm double-sector Epon centrepieces and quartz windows. The cells were then loaded into an An60 Ti rotor and equilibrated to 20 °C for 1 h. Sedimentation velocity data were collected at 50,000 r.p.m. in an Optima XLA analytical ultracentrifuge for 8-12 h. Data were recorded at 280 nm in radial step sizes of 0.003 cm. SEDNTERP 44 was used to estimate the partial specific volume of all UGDH constructs, and the buffer density (1.00726 g/ml) and viscosity (0.01018 P). SEDFIT 45 was used to model and fit all data. Data were modelled as a continuous sedimentation coefficient (c(s)) distribution. The baseline, meniscus, frictional coefficient, and systematic time-invariant, and radial invariant noise were fit 46 . HYDROPRO 47 was used to predict s values based on crystal structures. The expected drag from the ID-tail was estimated by calculating the expected s values from crystal structures with and without modelled, energy minimized ID-tails. The data fits for all experiments can be found in Extended Data Fig. 3 . Evolutionary rate analysis. Seventy-nine UGDH sequences from vertebrates were used for analysis after removing redundancy at the organism level (only one UGDH sequence used per organism). The protein sequences were aligned using MUSCLE 48 , and rates of evolution at each alignment position was calculated under the JTT model 49 using MEGA7 (log-likelihood method) 50 . The rates were normalized such that the average rate of evolution was 1.0 across the entire protein. Residue positions evolving faster than average show a rate greater than 1.0. In Extended Data Fig. 4 , only the rates at alignment positions where the human UGDH did not have an indel were used. Monte Carlo sampling. The free-energy cost of tethering an unstructured, non-interacting peptide to an impenetrable surface depends on the ratio of all constrained and unconstrained states:
Where R is the gas constant, T is temperature, Ω 1 is the number of all possible states of an unconstrained, self-avoiding peptide and Ω 2 is the number of the Ω 1 states that do not conflict with the constraint imposed by the protein surface. To simplify, we used polyserine peptides, ignored side-chain entropy and used a hard sphere potential along with 166 coarse-grained φ, ψ bins to calculate Ω 1 and Ω 2 . Each bin represents a 10 × 10° range of φ, ψ values of peptide conformations in the 'allowed' region of the original Ramachandran map (Extended Data Fig. 5a, b) . This calculation is nontrivial for large polymers, and an exhaustive grid search of all conformations was only conducted for the 3-and 4-residue ID-tails (Extended Data Fig. 5c ). We used the following Monte Carlo procedure to estimate the fraction of surface-constrained conformations (Ω 2 /Ω 1 ) for each ID-tail. To determine the self-avoiding Ω 1 mesostates, we randomly assigned one of the 166 φ, ψ bins to each φ, ψ torsion angle in the ID-tail and then looked for steric clashes within the conformer using the 'outer limit' for atomic clashes as described in the original Ramachandran map 51 . Next, each of Ω 1 mesostates was analysed for steric clashes with the surface or the adjacent ID-tail (Extended Data Fig. 5d-l) . Prior to the simulation, hydrogens were added to the hexamer structure using the 'reduce' program 52 , and an adjacent ID-tail was modelled in an extended conformation and fixed during the simulation (Extended Data Fig. 5d-f ). The simulation was stopped when a minimum of 124,000 self-avoiding conformers were analysed and the ratio of surface-constrained conformations (Ω 2 /Ω 1 ) reached convergence (Extended Data Fig. 5c ). The convergence threshold was defined as a change in the cumulative ratio of less than 10 −5 within a window of 5,000 trials. All runs reached convergence except for the 10-mer simulations, which only converged to 2 decimal places (Extended Data Fig. 5c-l) . We estimated the accuracy in our Monte Carlo simulations by comparing the results to the full grid search of the 3-and 4-residue ID-tails (Extended Data Fig. 5c ). Thermodynamic shift assay. Solutions of UGDH (FL-dimer or ΔID-dimer) at 0.1 mg/ml were prepared with 5× SYPRO Orange ThermoFluor (Thermo Fisher) in the standard reaction buffer (50 mM HEPES pH 7.5, 50 mM NaCl, and 5 mM EDTA). Samples were then briefly spun and allowed to equilibrate for 20 min. The thermal denaturation experiments were conducted in replicates (n ≥ 3) and data were acquired using a Bio-Rad MiniOpticon Real-Time qPCR machine. A fluorescence excitation spectrum wavelength between 470-505 nm and an emission spectrum between 540-570 nm were used. The fluorescence emission for each solution was recorded every 30 s as the temperature was increased from 25 to 80 °C (ramp speed of 0.5 °C/s). Baselines were subtracted from the raw data using the buffer control experiments. The baseline, plateau and slope of the denaturation curve were fit to equation (9) to obtain the apparent T m (melting temperature) values 53 .
where Y represents the fluorescence signal at temperature X. Hydrogen-deuterium exchange-mass spectrometry. Studies have shown that hydrogen-deuterium exchange (HDX) is an appropriate probe for protein dynamics and can illuminate differences between wild-type and mutant proteins 54, 55 . HDX is a powerful tool for footprinting the solvent-accessible regions of a protein 56 , and was used in this study to compare structural and dynamic changes between the dimerized versions of UGDH (UGDH(FL-dimer) and UGDH(ΔID-dimer)).
Proteins were expressed and purified in the Wood laboratory as previously described [22] [23] [24] [25] [26] [27] . Proteins were then flash-frozen and shipped overnight on dry ice to the Gross laboratory at Washington University in St. Louis for hydrogendeuterium exchange-mass spectrometry (HDX-MS) analysis. Protein solutions (2 μl) were continuously labelled at 25 °C by adding 20 μl of 10 mM HEPES buffer containing 99.9% deuterium oxide (pD = 7.4). Samples were quenched by adding 33 μl of 8 M guanidine hydrochloride and 100 mM TCEP (final pH = 3.0) at 30 s, 1 min, 2 min, 15 min, 1 h, and 2 h time points 57, 58 . One minute after quenching, samples were flash-frozen in liquid nitrogen and stored for less than 36 h at −80 °C. Control samples contained 10 mM HEPES in water rather than deuterium oxide. Each sample was thawed seconds before liquid chromatography followed by mass spectrometry (LC-MS). On-line protein digestion was performed with a custom-packed pepsin column (2 mm × 20 mm) at a flow rate of 200 μl/min in 0.1% trifluoroacetic acid. For desalting, a Zorbax Eclipse XDB-C-8 trap column (2.1 × 15mm, 3.5 μm) was used to trap peptic peptides for 3 min. Following this, peptides were separated using a Hypersil Gold C-18 analytical column (2.1 × 50 mm, 2.5 μm), 4-80% gradient of acetonitrile with 0.1% formic acid (B), and a 100 μl/min flow rate. Peptides were detected using a LTQ XL Orbitrap mass spectrometer (Thermo Fisher Scientific), with a mass resolving power of 50,000, m/z 400. Additional parameters were spray voltage of 5 kV, capillary temperature of 275 °C, capillary voltage of 49 V, and a tube lens of 163 V. All experiments were conducted in quadruplicate.
As a prelude to HDX, protein mapping was performed by identifying pepsindigested peptides. Product-ion mass spectra were collected in the data-dependent mode, picking the six most abundant ions from selected MS/MS. Peptides were identified using Mascot (Matrix Science). Following HDX, mass spectra were analysed with HDX Examiner (Sierra Analytics). The per cent deuterium uptake was plotted against time for UGDH(FL-dimer) and UGDH(ΔID-dimer). To magnify slight, yet significant changes in uptake, the cumulative differences in HDX for UGDH(FL-dimer) versus UGDH(ΔID-dimer) were calculated. These values were plotted alongside 3 times the error propagation for all measurements of both variants for each peptide, after the data and error were normalized-divided by the number of time points considered for each data point (Extended Data Fig. 6 ). The propagation error for each peptide is equal to the square root of the sum of all squared standard deviation values for collective time-dependent measurements of UGDH(FL-dimer) and UGDH(ΔID-dimer). The cumulative per cent deuterium uptake was compared to 3 times the propagation error. Differences that were greater than 3 times the propagation error were noted as regions of change affected by the presence of the ID-tail. We chose to normalize the data to be more inclusive of peptides with low intensity that are found at most time points. In a similar manner, we have excluded those peptides that have avoided detection for more than two time points. Stopped-flow analysis of UGDH hysteresis. The allosteric activation (E* to E) of UGDH can be observed as a lag (hysteresis) in progress curves 22, 27 (see Extended Data Fig. 7f for examples) . The allosteric activation rates for UGDH(FL) (n ≥ 6) and UGDH(ΔID) (n ≥ 6) were monitored at 25 °C using an Applied Photophysics SX20 stopped-flow spectrophotometer. Enzyme solutions contained 500 nM UGDH(FL) or UGDH(ΔID) in the standard reaction buffer (50 mM HEPES pH 7.5, 50 mM NaCl, and 5 mM EDTA). This solution was rapidly mixed with an equal volume of standard reaction buffer that contained both substrate and cofactor. The mixed solution contained 250 nM UGDH(FL) or UGDH(ΔID), with saturating amounts of both substrate and cofactor. The progress of the reaction was monitored by NADH production, with the absorbance reading at 340 nm being acquired every 10-15 ms. Progress curves were fit to equation (4) to determine the length of the lag in enzyme activation (E* to E). The mean and standard deviation of the hysteretic lags were derived from 6 or more progress curves. Transient-state kinetics of UDP-Xyl binding. Stopped-flow fluorescence studies were conducted at 25 °C using an Applied Photophysics SX20 stopped-flow spectrophotometer with a dead time of ~1.2 ms. Syringes were loaded with 500 nM UGDH(FL) or UGDH(ΔID) and variable concentrations of UDP-Xyl, and then rapidly mixed. The change in intrinsic tryptophan fluorescence was continuously monitored using an excitation wavelength of 290 nm and an emission filter with a cut-off below 320 nm (Extended Data Fig. 7 ). Fluorescence decay curves were averaged from experimental replicates (n ≥ 4) for each concentration in the series. Raw data was corrected for the inner-filter effect using the molar absorptivity at both the excitation and emission of UDP-Xyl 59 . Data were globally fit using computer simulation with KinTek Global Kinetic Explorer program 60, 61 (KinTek) . Multiple input models based on the known structural states were tested, and the best fit model was determined using confidence contour analysis 62 . Microscopic rate constants and errors are reported in Extended Data Fig. 7e . Fit data and confidence contours can be found in Extended Data Fig. 7a-d . Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this paper.
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Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted Our web collection on statistics for biologists may be useful.
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Data collection
Monte-Carlo Simulations: The code generates random self-avoiding conformations for a given n-mer of the UGDH tail, and then analyzes against the protein surface for steric clashes (https://github.com/ugazac/UGDHtail_monte_carlo).
Data analysis
XDS, PHENIX software suite, PRISM (GraphPad Software Inc., San Diego, CA), SEDNTERP, SEDFIT, HYDROPRO, Mascot (Matrix Science, London, UK), HDX Examiner (Sierra Analytics, Modesto, CA), KinTek Global Kinetic Explorer program (KinTek Corp., Austin, TX) For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
